Irrigation scheduling based on a real-time and location-specific (rT-Ls) model increases irrigation water savings and yield. The rT-Ls irrigation scheduling models have been developed as smartphone applications and have been used for crop-specific irrigation requirements. Although many rT-Ls irrigation models have been tested and used in several agronomic and horticultural crops in Florida, none of these irrigation-scheduling models has been tested for their impacts on nutrient distribution in Florida's sandy soils. Abbreviations: DAT, days after transplanting; ET, evapotranspiration; ET 0 , reference evapotranspiration; iWUE, irrigation water use efficiency; REC-N, nitrogen recovery; RT-LS, realtime and location-specific irrigation scheduling; SI, SmartIrrigation; TMY, total marketable yield.
average of 417 kg ha -1 N for a production season (Sanjay et al., 2014 ). An increase in N application can reduce uptake efficiency (Liu et al., 2014) , increase post-harvest soil N residue (Sainju et al., 1999; Zhang et al., 2011) , and increase N leaching (Simonne and Ozores-Hampton, 2010b ). These problems become even more challenging under inappropriate irrigation management, especially on sandy soils with a shallow water table. Therefore, efficient irrigation practice is critical to maintaining nutrients in the crop root zone (Zotarelli et al., 2007; Zotarelli, 2009a) .
The introduction of drip irrigation system and plastic mulch, which has become a common cultural practice in Florida vegetable production, can conserve soil moisture by reducing surface evaporation losses and increasing crop water (i.e., irrigation water use efficiency [iWUE] ) and nutrient use efficiency (Zotarelli et al., 2008a) . Although drip irrigation could potentially be more environmentally friendly, crop iWUE and nutrient use efficiency using a drip irrigation system are dependent on the type of irrigation scheduling method and irrigation application time. This is because inappropriate irrigation scheduling method can increase the risk of nutrient leaching (Zotarelli et al., 2009a) and potentially reduce yield of drip-irrigated tomato crop.
A commonly adopted irrigation scheduling method for vegetable crops is the use of evapotranspiration (ET)-based soil balance models with long-term average daily ET or historic ET (Simonne and Ozores-Hampton 2010a) . Other frequently used scheduling methods include soil moisture content (soil moisture sensor-based irrigation) (Zotarelli et al., 2008b) ; fixed timebased irrigation (Migliaccio et al., 2010) ; and, most recently, irrigation scheduling based on real-time and location-specific (RT-LS) ET data (Migliaccio et al., 2014) .
The RT-LS irrigation scheduling method, commonly known as SmartIrrigation (SI), is an ET-based soil water balance model designed as smartphone applications (SI App) using reference evapotranspiration (ET 0 ) from the FAO Penman-Monteith procedure and crop coefficient to determine crop water requirements (Migliaccio et al., 2016) . Many SI applications have been tested and used in several crops, such as citrus (Citrus sinensis L.), cotton (Gossypium L.) , strawberry (Fragaria spp.), avocado (Persea Americana Mill.) (Migliaccio et al., 2014) , tomato (Solanum lycopersicum L.) (Ayankojo et al., 2018; Miller et al., 2018b) , and watermelon [Citrullus lanatus (Thunb.) Matsun. & Nakai] (Miller et al., 2018a) .
In this study, the RT-LS method was compared with the grower's standard irrigation scheduling method (irrigation scheduling based on historic ET averages [HI] ) as recommended by Zotarelli et al. (2015) . This study hypothesized that RT-LS improves irrigation scheduling accuracy (in open-field tomato production with plastic mulch) and maintains higher nutrient concentration within the tomato root zone, thereby reducing N leaching potential and increasing N recovery (REC-N) compared with HI.
Although many of these SI Apps have been tested and proven effective for saving water (Miller et al., 2018b) and increasing crop yield (Ayankojo et al., 2018; Vellidis et al., 2014) , none of these SmartIrrigation schedulers has been evaluated for soil water and nutrient dynamics in a cropping system. Therefore, this study was conducted (i) to evaluate the effects of RT-LS irrigation scheduling model on soil moisture distribution in open-field tomato production with plastic mulch, (ii) to evaluate the effect of soil water distribution on soil ammonium-N (NH 4 + -N) and nitrate-N (NO 3 --N) distributions along the tomato growing season, and (iii) to determine the effects of irrigation scheduling on iWUE and REC-N in open-field fresh-market tomato production.
MATerIALs AND MeTHODs site Description and experimental Design
A two-season study was conducted during the fall 2015 and spring 2016 seasons on drip-irrigated fresh market tomato. The planting and final harvesting dates were 14 Sept. and 13 Dec. 2015 and 3 Feb. and 31 May 2016 for the fall and spring seasons, respectively. These studies were conducted at the Southwest Florida Research and Education Center in Immokalee (26°27´44˝ N and 81°26´36˝W).
The elevation at the study site was 10.4 m asl. The average air temperature and precipitation at the experimental location range from 16 to 27°C and from 965 to 1727 mm, respectively (USDA-NRCS, 2015) . The soil at the study site was classified as Immokalee fine sand (Arenic, Alaquods, Sandy, Siliceous, Hyperthermic), with a nearly flat slope (0-2%), low runoff class, and poor natural drainage (USDA-NRCS, 2015) . Selected physical and chemical properties (Table 1) of the soil at the experimental site were adapted from a previous study by Kadyampakeni et al. (2014b) on the same soil type adjacent to the experimental site.
During pre-planting operations, the soil at the study location was wet. A seepage irrigation system was used to maintain soil water at an optimum condition for bed formation. During bed (height, 20 cm; width, 81 cm) formation, a fumigant Pic Clor 60 (Agrian, Fresno, CA) (a.i chloropicrin and 1,3-dichloropropene at 59.6 and 39%, respectively) was applied at the rate of 223 kg ha -1 , after which the beds were immediately covered with plastic mulch (Berry Plastics, Ecansville, IL). Two thin-wall drip lines (5 mil streamline Plus 630 series; Netafim, Fresno, CA) with an emitter discharge rate of 0.9 L h -1 located at every 0.61 m on the drip line were placed on the bed (under the plastic mulch) for irrigation and fertigation. Before planting, treatment plots were arranged in a randomized complete block design with four replicates per treatment. Each plot consisted of three adjacent rows that were 18 m long and 1.8 m apart. At 21 d after fumigation, tomato seedlings (variety Charger; Sakata, Morgan Hill, CA) were transplanted at 0.61 m planting distance (90 plants per plot), resulting in 8966 plants ha -1 .
In this study, four treatments were evaluated from two irrigations scheduling methods (the HI schedule and an irrigation schedule based on RT-LS weather information). The HI irrigation schedule is a growerstandard irrigation scheduling method recommended by Zotarelli et al. (2015) and was used as the control or standard to which the RT-LS scheduling method was evaluated. The daily amount of irrigation water application for the HI treatment (T1) was based on monthly ET 0 data (Table 2) recommended for southwestern region of Florida using the following equation: 0 c ET * ETc 0.95
where ET 0 is the corresponding monthly reference evapotranspiration value for Southwest Florida (Table 2) , K c is the crop coefficient value corresponding to a specific crop growth stage (Table 3) , and 0.95 is the system efficiency used for the drip irrigation system . Irrigation schedules from the RT-LS treatments (SI) were applied at 66% (T2), 100% (T3), and 150% (T4) of the SI Vegetable App recommended rate. Both T2 and T4 are within the irrigation application rates for low and high irrigation levels for tomato crop commonly found in the literature (Monte et al., 2013; Nangare et al., 2016) . At the time of scheduling, the SI App automatically connects to the Florida Automated Weather Network and University of Georgia Weather Network stations for specific scheduling locations in Florida and Georgia, respectively. In this study, the RT-LS scheduling method used meteorological data of the previous 5 d prior to the scheduling time from the Florida Automated Weather Network station located within 0.5 km of the study site to calculate ET. Crop coefficient values were determined based on the time from planting and scheduling dates (Migliaccio et al., 2016) .
Daily total irrigation time was divided into two or three (depending on the irrigation volume) daily irrigation application frequencies. At every application, the amount of irrigation water applied was controlled by a hose-end irrigation timer (model IZEHTMR; Rain Bird, Azusa, CA). The amount of irrigation water applied for each treatment was measured and recorded by a flow meter (M 3.81 cm size; Netafim). A 15 PSI water pressure regulator (Senninger Irrigation Inc., Orlando, FL) was installed per treatment to obtain a precise flow rate and to maintain constant pressure along the drip lines.
Fertilizer application was the same for all treatments. Fertilizer was applied according to University of Florida/Institute of Food and Agricultural Sciences recommendations for tomato (Liu et al., 2016) . Total season nutrient application (224 kg ha -1 N, 4 kg ha -1 P, and 224 kg ha -1 K) was applied as 25% pre-plant N and K using 18-0-18 N-P 2 O 5 -K 2 O fertilizer containing ammonium-nitrate (Griffin Fertilizer Co., Frostproof, FL). The remaining 75% each of N and K and 100% of P were applied through fertigation using N-P 2 O 5 -K 2 O ammonium-nitrate fertilizer 20-2-20 (Peters Inc., Allentown, PA). Fertigation was conducted twice a week for all treatments. During fertigation, the required amount of fertilizer was dissolved in 19 L of water for each treatment and injected into the drip lines using a pressure pump (12 VDC, 1.8 GPM; SHURflo, Cypress, CA). soil sampling, Analytic Methods, and soil
Moisture Distribution
The effect of irrigation scheduling method and rates on soil nutrient distribution were evaluated at 0 to 15 cm (D1), 15 to 30 cm (D2), and 30 to 45 cm (D3) soil depths. Because 85 to 95% of tomato root is within the first 30 cm of soil depth (Zotarelli Zotarelli et al. (2015) . ‡ TI, irrigation scheduling based on historic evapotranspiration average weather information; T2, T3, and T4, irrigation scheduling based on real-time and location-specific evapotranspiration-based scheduler at 66, 100, and 150%, respectively. § Days after transplanting.
et al., 2009b), soil samples were collected at one sampling depth below root zone (30-45 cm soil depth) to detect nutrient leaching. At each sampling depth, soil samples were collected from three locations between plants at the center of the bed with a soil core sampler (2.8 cm internal diameter) at 30, 60, and 90 d after transplanting (DAT) during both seasons. For each sample, analyses for soil NO 3 --N and NH 4 + -N content were conducted with 2 M KCl extracting solution and processed using standard methods (Hanlon et al., 1997 
Soil nutrient content (mg kg ) mg L 0.004 L Mass of ovendry soil used kg
where R is the NO 3 --N and NH 4 + -N readings in mg L -1 from the raw output, and 0.004 is the volume (L) of 2 M KCl extracting solution used. Soil moisture sensors (SDI-12 Drill and Drop Probe; Sentek, Stepney, South Australia) were used throughout the season to monitor the soil movement pattern. These sensors consist of multiple sensing units located at different spots along the length (91 cm) of the probe that allows for multiple readings across soil depth. Each probe was installed vertically into the soil and connected to a radio that powers the probe and stores the data. The radio sends the data to the cloud every 15 min; therefore, soil moisture condition can be monitored in real-time. In both seasons, two soil moisture sensors were installed per treatment midway between two consecutive plants, with moisture readings taken every 15 min at soil depths of 5, 10, 25, 35, and 45 cm. These soil depths were considered appropriate for this study because about 85 to 95% of tomato roots are concentrated within the first 30 cm of soil depth (Zotarelli et al., 2008b) . For the purpose of this study, the sensors were not calibrated to the soil condition because the sensors were used only to monitor the pattern of soil water movement (wetting front) across soil depths, and therefore calibration was not necessary.
Crop Biomass estimation and Nutrient Accumulation
Tissue samplings consisted of both above-ground (leaves, stems, and fruits) and below-ground (roots) biomass at 30, 60, and 90 DAT except for fruit sampling at 60 and 90 DAT. At every sampling date, a representative plant per plot was selected (Hartz and Bottoms, 2009 ) and separated into leaves, stems, root, and fruits. The collected root biomass samples considered total root mass by digging out the root of the selected plant on each plot (Ehdaie et al., 2003; Rens et al., 2015) . The collected root samples were washed to remove soil particles before drying. Dry biomass weights were obtained by placing the sample in the tissue-drying oven at 65°C for 5 to 7 d.
Total dry biomass from each plot was determined as the sum of the weight for dry biomass samples (leaves, stem, fruits, and roots) for each replicate of each treatment. Dry samples were weighed to determine total dry matter accumulation and then ground to determine total N content. All biomass samples were analyzed for N content using the NA2500 C/N analyzer (Thermoquest CE Instruments) as described by Kadyampakeni (2012) . Total N uptake or accumulation was determined as the sum of the product between dry biomass samples (leaves, stem, fruits, and roots) and their respective N concentration.
Tomato Harvest, Yield estimation, and efficiencies
Tomato harvests of matured fruits were conducted three times per season. Tomato yield estimation was based on harvested fruits from 15 plants in the middle row of three rows per plot at the mature green stage. Harvested fruits were graded according to the USDA standards as medium (5.72-6.43 cm fruit diameter), large (6.35-7.00 cm), and extra-large (>7.00 cm). Fruits with unmarketable quality were also recorded (USDA, 1997). Marketable yield estimation was based on the fresh weight of fruits with marketable qualities (USDA, 1997). Irrigation water use efficiency (kg m -3 ) was determined using Eq.
[3] as the ratio of the marketable yield (kg ha -1 ) to the total volume of irrigation water applied (m 3 ha -1 ) for each treatment (Zotarelli et al., 2008b) 
where NI is the initial soil N content before planting; NL, NS, NF, and NR are the total N uptake accumulated in tomato leaf, stem, fruits, and root, respectively; and TNA is the total N applied for each season.
Data Analysis
The study used the GLM procedure of SAS Version 9.3 (SAS Institute Inc., Cary, NC) to compare treatments for significant differences for each variable evaluated. A one-factorial model was developed using a randomized complete block design with irrigation rate as the main effect for soil water and nutrient distributions, total plant biomass, nutrient uptake, yield, and efficiencies. Statistical analysis for all variables presented in this study considered all four replicates of each treatment unless otherwise stated. All variables were analyzed separately for each year due to a significant interaction between seasons and DAT. Duncan's multiple range test was used (a = 0.05) for mean separation when significant differences were observed among treatments.
resULTs AND DIsCUssIONs Weather Condition and Irrigation Water Application
The weather conditions were different during the two seasons. Daily average temperatures were higher during the fall sea-son than the spring season (Fig. 1) . Early in the seasons (at the first 30 DAT), daily average temperatures were 26°C during the fall season and 17°C during the spring season. Because ambient temperature is a major factor for plant growth and development (Neild and Seeley, 1977) , the lower temperature during the early growth stages of the spring season delayed plant growth by 2 wk and extended the total season length to 17 wk, compared with 15 wk in a warmer fall season.
The total amount of rainfall received during the fall season (280 mm) was greater compared with the spring season (107 mm) (Fig. 2) . During the fall season, rainfall was more frequent, especially early in the season. Approximately 180 mm of rainfall (65% of the season total) during the fall season were received at the first 10 DAT; therefore, during the fall season, no irrigation was applied until 5 wk after transplanting. The influence of rainfall on soil moisture level was negligible during the spring season because of the low rain intensity and frequency; hence, irrigation started at transplanting and continued throughout the season.
Compared with the fall season, total irrigation water applied and total number of irrigation events for each treatment were greater during spring because of a longer and drier production season (Table 4) . However, the pattern of irrigation water applied in both seasons was similar for each treatment (Fig. 3) . Total irrigation depths increased in the order of T2 < T3 < T1 < T4 for both seasons. Total water savings for T3 were 20 and 17% greater compared with T1 for the fall and spring seasons, respectively. Water savings from the SI-based irrigation schedule could be greater than the reported values if the model considered precipitation. The RT-LS model could be designed to skip irrigation (via actionable information or notification to the user), especially after major rainfall event(s). The current version of the SI AppTomato model (used in this study) does not have this function; however, work is in progress on this and other series of updates to further improve model accuracy and users' experience.
Although both scheduling methods (HI and SI used for T1 and T3, respectively) are ET based, the difference in the amount of irrigation water scheduled by both methods and the relatively greater water savings for T3 were attributed to the differences in the assumptions behind the scheduling methods. The HI schedule is based on monthly single-value ET data for a Florida region and was derived from historical average ET data. Therefore, the variation in actual water requirement for vegetable crops in Florida could be up to 25% higher or lower than the HI-based irrigation schedule . Therefore, irrigation scheduling from HI could be in excess of or less than actual plant water requirements. Irrigation scheduling using SI was based on RT-LS weather data (Migliaccio et al., 2014) ; therefore, this scheduling method could improve scheduling accuracy to actual crop water requirements. These results were similar to those reported by Vellidis et al. (2014) , where a location-specific irrigation scheduler significantly reduced irrigation water in cotton (Gossypium spp).
sensor-Based soil Moisture Distribution
The soil moisture characteristics of the sandy soil at the study site indicate limited soil water holding capacity (Table 1) . The soil moisture patterns as recorded by the installed soil mois- 191.77 † TI, irrigation scheduling based on historic evapotranspiration average weather information; T2, T3, and T4, irrigation scheduling based on real-time and location-specifi c evapotranspiration-based scheduler at 66, 100, and 150%, respectively. ‡ Difference in total season irrigation applied with respect to T3. ture sensors indicated ample soil moisture content throughout the season during the fall (Fig. 4 ) and the spring (Fig. 5) .
Treatment † Total applications Total irrigation Difference ‡ ----------mm ----------
Regardless of soil depth and treatments, the pattern of soil moisture levels earlier during the fall season (0-20 DAT) were higher than the observed pattern during the spring season for the same period after transplanting. The high soil moisture content between 0 and 20 DAT during the fall season was attributed to the unusually high amount of rainfall received early in the fall season. At 20 DAT, field capacity was assumed to be the soil moisture content at the end of a rapid soil moisture loss after an irrigation event. Soil moisture levels were similar and close to field capacity across all treatments at the 0-to 15-cm soil depth during the fall and spring seasons. Although soil moisture levels for T2 and T3 dropped below field capacity toward the end of the spring season (Fig. 5) , soil moisture for these treatments during this period was sufficient to maintain plant physiological activities. These results suggest that a lower irrigation application rate (up to 66% ETc) than the current crop requirement (T2) for tomato may be sufficient for meeting plant water needs on a sandy soil at this critical soil depth (0-15 cm), where about 70 to 75% of tomato roots are concentrated (Zotarelli et al., 2008b) .
During the spring season, average daily soil moisture levels were higher for T1 and T4 compared with T2 and T3 at both the 15-to 35-cm and the 35-to 45-cm soil depths. Similar results were observed during the fall season at the 35-to 45-cm soil depth, where average daily soil moisture content was greater for T1 and T4 compared with T2 and T3. This indicates a greater possibility of water percolation for T1 and T4 beyond the tomato rooting depth. The general trend of soil moisture level from both seasons suggests that irrigation scheduling from T1 and T4 could be excessively higher than actual water requirement by tomato crop grown on a sandy soil and therefore may present a higher risk of nutrient leaching. This is because excessive water application may result in increased nutrient leaching and contamination potentials as well as reduced production efficiencies (Alhammadi and Al-Shrouf, 2013 ).
effects of soil Water Distribution on Ammonium-N Movement
Ammonium-nitrogen movement pattern in the soil was not consistent in both seasons and across irrigation rates and scheduling methods. During the fall season, there were no differences in soil NH 4 + -N concentration across all treatments at all sampling dates and depths except at 90 DAT, when NH 4 + -N concentrations were lower (P = 0.01) for T1 and T4 at D1 and higher (P < 0.0001) at D3 (Table 5) . At 30 DAT during the spring season, soil NH 4 + -N level at D3 was significantly greater (P = 0.02) for T1 compared with other treatments (Table 5 ). However, these differences could not be attributed to treatment effects or leaching due to low irrigation application rate (required by young growing tomato plants early in the seasons) at this period in the production season. Therefore, these differences could be attributed to soil sampling close to soluble fertilizer (applied as pre-plant) concentrations. At 60 DAT during the spring season, soil NH 4 + -N concentrations were lowest for T1 and T2 at D1 and D2 (P = 0.03 and 0.04, respectively), but no differences were observed at 90 DAT among treatments across all sampling depths. The observed differences in soil NH 4 + -N concentrations during the fall season could have been influenced by higher soil moisture content from high rainfall because soil NH 4 + -N distributions were not different among treatments across all depths at 90 DAT during a drier, more waterdemanding spring season. The observed movement pattern for soil NH 4 + -N was not consistent because its movement in the soil could be restricted or limited. Plausible restriction to NH 4 + -N movement as observed in this study could be due to adsorption and retardation effects and insufficient soil moisture content (from a low-volume drip irrigation system) to cause NH 4 + -N displacement in the soil (Kadyampakeni et al., 2014a) . Similarly, because soil moisture levels were close to field capacity during a major part of the production seasons, it could be expected that most NH 4 + -N was adsorbed to soil particles or transformed into NO 3 --N via nitrification (Khakural and Alva, 1996) . However, these results contradict those reported by Sato et al. (2009) , who found significant movement of NH 4 + -N in a similar soil type with tomato production. However, the Sato study used a seepage irrigation system often characterized by a high volume of applied irrigation water (Smajstrla and Locascio, 1996) with repeated raising and lowering of the water table. As a result, the reported soil moisture content by these authors was up to three times (30% volumetric water content) greater than field capacity (10% volumetric water content). Therefore, these contradictions could be due to the differences in irrigation and nutrient management practices associated with seepage and drip irrigation systems. Compared with drip irrigation, irrigation ap- plication efficiency in seepage system is low; hence, large volumes of water are required to maintain water near the crop root zone (Smajstrla and Locascio, 1996) . Additionally, in seepage irrigation with plastic mulch, total season crop nutrient requirement is applied as a one-time application at pre-plant, compared with a drip system that allows for a more precise and much smaller amount of nutrient application according to crop growth. Therefore, the high volume of irrigation water and/or high rate of fertilizer applications (typical of seepage system) may increase water percolation and nutrient displacement in sandy soil compared with a low-volume drip system (Hartz and Hochmuth, 1996; Simonne and Ozores-Hampton 2010b; Zotarelli et al., 2009a) .
effects of soil Water Distribution on Nitrate-N Movement
No significant differences were observed among treatments for soil NO 3 --N distribution at 30 DAT for all sampling depths in both seasons except at D1 during the spring season where soil NO 3 --N content was highest (P = 0.01) for T3 but not significantly different for T3 and T2 (Table 6 ). Similar to NH 4 + -N distribution at 30 DAT, these differences could not be attributed to treatment effects due to low irrigation water applications at this early growth stage, suggesting either the presence of fertilizer grains in the soil samples taken or a nonuniform distribution of fertilizer in the bed during pre-plant application. At 60 and 90 DAT, soil NO 3 --N content varied significantly among treatments at all sampling depths in both seasons (Table 6 ). During the fall season, NO 3 --N concentration at 60
DAT at D1 was highest (P < 0.0001) for T2 (43.79 kg ha -1 ) and lowest for T1 and T4 (2.03 and 4.82 kg ha -1 , respectively). Similar results were observed at D1 during the spring season where soil NO 3 --N concentrations were higher for both T2
and T3 (51.13 and 43.49 kg ha -1 , respectively; P = 0.007) compared with T1 and T4 (13.66 and 4.03 kg ha -1 , respectively).
Soil NO 3 --N distributions followed a similar pattern at D2 during both seasons, where NO 3 --N levels were significantly greater for treatments with lower irrigation rates (T2 and T3) compared with higher rates (T1 and T4). Although the volume of irrigation water applied in both seasons was higher for T4 compared with T1, soil NO 3 --N levels at 60 DAT for D3 (below the root zone) was greater for T1 (32.8 and 21.03 kg ha -1 for the fall and spring seasons, respectively) compared with T4 (4.74 and 11.14 kg ha -1 for the fall and ‡ TI, irrigation scheduling based on historic evapotranspiration average weather information; T2, T3, and T4, irrigation scheduling based on realtime and location-specific evapotranspiration-based scheduler at 66, 100, and 150%, respectively. § Means followed by different letters are significantly different at α = 0.05. Data were analyzed by DAT and depth for each season. Duncan's multiple range test analysis was used as mean separation when significant differences were observed. ‡ TI, irrigation scheduling based on historic evapotranspiration average weather information; T2, T3, and T4, irrigation scheduling based on realtime and location-specific evapotranspiration -based scheduler at 66, 100, and 150%, respectively. § Means followed by different letters are significantly different at α = 0.05. Data were analyzed by DAT and depth for each season. Duncan's multiple range test analysis was used as mean separation when significant differences were observed.
--------------------kg ha -1 --------------------
spring seasons, respectively). These results suggest that greater irrigation application volume as scheduled by T4 (compared with T1) could further increase NO 3 --N leaching into a deeper soil layer even beyond D3. This is because in soils, particularly sandy soils, NO 3 --N moves with the soil wetting front, and the greater the irrigation water application the further soil NO 3 --N tends to move away from the root zone (Li et al., 2003) . The general pattern of soil NO 3 --N distribution at 90
DAT was consistent with that of 60 DAT in both seasons where NO 3 --N levels were greater in the root zone (0-to 30-cm soil depth [Zotarelli et al., 2008b] ) for lower irrigation application volumes (T2 and T3) compared with higher irrigation volumes (T1 and T4). The observed NO 3 --N movement pattern at 60
and 90 DAT suggests an increase in leaching potential for T1 and T4 in both seasons, whereas irrigation application from T2 and T3 maintained NO 3 --N concentrations within tomato rooting depths. Compared with T3, average soil NO 3 --N levels (60 and 90 DAT average) at the root zone were 79 and 80% lower for T1 and T4, respectively, during the fall and 48 and 85%, respectively, during the spring. The results from this study agree with those reported in the literature where NO 3 --N leaching increased with an increase in irrigation volume or soils moisture content in tomato (Wang and Xing, 2016; Zotarelli et al., 2007) and other vegetable crops (Guimera et al., 1995; Zotarelli et al., 2007) with a drip irrigation system. However, other than the direct effects of irrigation application volume on NO 3 --N leaching, low organic matter in the topsoil (typical of the experimental location) could have contributed to the increase in downward movement of soil NO 3 --N as irrigation volume increased (Zotarelli et al., 2007) .
Generally, the presented soil NO 3 --N values are relatively higher than most values reported in the literature for drip-irrigated tomato. This could be due to the nitrification of the NH 4 -based N source (42% of the total N applied) from the applied fertilizer. However, the presented values are similar to those presented by Brewer et al. (2018) at the same study location and under similar irrigation and nutrient rates during the spring season of 2014.
N recovery and Irrigation Water-Use efficiencies
Although in both seasons there were no differences among treatments in tomato total biomass accumulation (Table 7) , total marketable yield (TMY) was significantly affected (fall: P = 0.03; spring: P = 0.01) by irrigation rates (Table 8 ). In both seasons, TMY was highest for T3 compared with other treatments except during the fall season, where TMY was similar for T2 and T3 (Ayankojo et al., 2018) . Although water applications for T2 were lower than actual crop requirements, a wetter fall season could have influenced T2 crop performance. Compared with T3, the lower yield for T1 and T4 was attributed to NO 3 --N leaching that resulted from higher irrigation water applications. Nitrogen recovery ranged from 65 to 86% during the fall season and from 37 to 61% during the spring season (Table 6) . Generally, REC-N was lower during the spring season compared with fall season due to lower total N accumulation (Table 7) and yield (Table 8) . Nitrogen recovery was significantly greater for T3 compared with other treatments in both seasons (fall: P = 0.01; spring: P = 0.04), except in the spring season where T2 and T3 were similar at 56 and 61%, respectively. Lower REC-N for T1 and T4 in both seasons was attributed to NO 3 --N leaching below the root zone due to a higher daily volume of irrigation water applications. Irrigation water use efficiency for tomato production in both seasons was affected by irrigation application rates (Table 8) . Table 7 . effects of irrigation rates and scheduling methods on tomato biomass and nitrogen accumulation and recovery (reC-N). .001 † TI, irrigation scheduling based on historic evapotranspiration average weather information; T2, T3, and T4, irrigation scheduling based on realtime and location-specific evapotranspiration-based scheduler at 66, 100, and 150%, respectively. ‡ Means followed by different letters are significantly different at α = 0.05.
Irrigation water use efficiency increased in the order of T2 > T3 > T1 = T4 at 72, 51, 30, and 26%, respectively, during fall (P < 0.001) and T2 = T3 > T1 = T4 at 27, 26, 17, and 14%, respectively, during spring (P < 0.001). Lower total irrigation water applied during the fall season (due to a more frequent rainfall early in the season) and higher yield increased iWUE compared with the spring season. These results were similar to those reported by Miller et al. (2018b) , where iWUE was greater for an RT-LS scheduler compared with soil moisture sensor-based irrigation schedule in tomato. Reported iWUE rates in this study were similar to those reported for tomato in the literature (Djidonou et al., 2013; Zotarelli et al., 2009b) . Generally, iWUE and REC-N were greater for an irrigation schedule based on real-time and location-specific weather information compared with the corresponding schedule based on historic weather averages. Therefore, these results suggest that irrigation scheduling using real-time and location-specific ET data can improve iWUE and REC-N compared with a schedule based on historical ET averages.
CONCLUsIONs
This study showed that, regardless of season, irrigation scheduling from the RT-LS scheduler increased water savings by at least 17% compared with scheduling based on historic ET averages. Greater REC-N and iWUE efficiencies for the former suggest higher levels of irrigation scheduling accuracy with greater water-saving potential in tomato production. Because irrigation schedules from historic ET data are fairly similar (for a particular period of the year; e.g., a month) over several years, this scheduling method tends to be easily managed, and hence growers may adopt to use their experience over the years. The RT-LS model, on the other hand, allows for actionable notification function based on the actual weather information. In addition to increasing water savings, this would eliminate the need for a daily check of model input and output data and thereby could improve the user's experience and ease scheduling.
According to the observed results in this study, the effects of irrigation treatments on soil NH 4 + -N distributions were not consistent across soil depths and DAT; therefore, no specific pattern of movement could be established. However, the effects on soil NO 3 --N levels were more evident across all sampling depths. At a 100% irrigation application rate, soil NO 3 --N levels were greater within the tomato root zone (upper 30 cm soil depth) for the RT-LS-based irrigation schedule compared with a schedule based on historic ET data. Therefore, irrigation scheduling based on RT-LS weather information could enhance scheduling accuracy and reduce potential nutrient leaching in tomato production on sandy soils.
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